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ABSTRACT

Luminous infrared starbursts in the early Universe are thought to be the progenitors of massive quiescent galaxies identified at redshifts 2–4.
Using the Mid-IRfrared Instrument (MIRI) on board the James Webb Space Telescope (JWST), we present mid-infrared sub-arcsec imaging
and spectroscopy of such a starburst: the slightly lensed hyper-luminous infrared system SPT0311-58 at z = 6.9. The MIRI IMager (MIRIM)
and Medium Resolution Spectrometer (MRS) observations target the stellar (rest-frame 1.26 µm emission) structure and ionised (Paα and Hα)
medium on kpc scales in the system. The MIRI observations are compared with existing ALMA far-infrared continuum and [C ii]158µm imaging
at a similar angular resolution. Even though the ALMA observations imply very high star formation rates (SFRs) in the eastern (E) and western
(W) galaxies of the system, the Hα line is, strikingly, not detected in our MRS observations. This fact, together with the detection of the ionised
gas phase in Paα, implies very high internal nebular extinction with lower limits (AV) of 4.2 (E) and 3.9 mag (W) as well as even larger values
(5.6 (E) and 10.0 (W)) by spectral energy distribution (SED) fitting analysis. The extinction-corrected Paα lower limits of the SFRs are 383 and
230 M� yr−1 for the E and W galaxies, respectively. This represents 50% of the SFRs derived from the [C ii]158 µm line and infrared light for the
E galaxy and as low as 6% for the W galaxy. The MIRIM observations reveal a clumpy stellar structure, with each clump having 3–5×109 M�
mass in stars, leading to a total stellar mass of 2.0 and 1.5×1010 M� for the E and W galaxies, respectively. The specific star formation (sSFR) in
the stellar clumps ranges from 25 to 59 Gyr−1, assuming a star formation with a 50–100 Myr constant rate. This sSFR is three to ten times larger
than the values measured in galaxies of similar stellar mass at redshifts 6–8. Thus, SPT0311-58 clearly stands out as a starburst system when
compared with typical massive star-forming galaxies at similar high redshifts. The overall gas mass fraction is Mgas/M∗ ∼ 3, similar to that of
z∼ 4.5–6 star-forming galaxies, suggesting a flattening of the gas mass fraction in massive starbursts up to redshift 7. The kinematics of the ionised
gas in the E galaxy agrees with the known [C ii] gas kinematics, indicating a physical association between the ionised gas and the cold ionised or
neutral gas clumps. The situation in the W galaxy is more complex, as it appears to be a velocity offset by about +700 km s−1 in the Paα relative to
the [C ii] emitting gas. The nature of this offset and its reality are not fully established and require further investigation. The observed properties
of SPT0311-58, such as the clumpy distribution at sub(kpc) scales and the very high average extinction, are similar to those observed in low-
and intermediate-z luminous (E galaxy) and ultra-luminous (W galaxy) infrared galaxies, even though SPT0311-58 is observed only ∼800 Myr
after the Big Bang. Such massive, heavily obscured clumpy starburst systems as SPT0311-58 likely represent the early phases in the formation
of a massive high-redshift bulge, spheroids and/or luminous quasars. This study demonstrates that MIRI and JWST are, for the first time, able to
explore the rest-frame near-infrared stellar and ionised gas structure of these galaxies, even during the Epoch of Reionization.
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1. Introduction

Since the discovery of massive quiescent galaxies at
z = 2–4 (Cimatti et al. 2004, 2006; van Dokkum et al. 2004;
Stockmann et al. 2020; Valentino et al. 2020), it has been
hypothesised that their progenitors in the early Universe must
be short-lived massive starbursts at z > 4 (Casey et al. 2014;
Toft et al. 2014). Analysis of Atacama Large Millimeter Array
(ALMA) observations of far-infrared ultra-red sources has
identified galaxies at z = 3–7 (Iono et al. 2016; Oteo et al.
2016, 2017; Gómez-Guijarro et al. 2018; Marrone et al. 2018)
with extreme infrared luminosities (log LIR(L�)> 13) and star
? Calibrated ALMA, JWST, and HST images of SPT0311-58

system images are also available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/671/A105
† Deceased.

formation rates (SFRs; SFR> 103 M� yr−1) in very compact
regions (1−2 kpc radius). These galaxies are the most lumi-
nous and intense star-forming galaxies in the Universe. They
are even identified as maximal starbursts (i.e. ΣSFR ≈ 0.5–
1×103 M� yr−1 kpc−2 and ΣLIR ≈ 1013 L� kpc−2; Thompson et al.
2005; Crocker et al. 2018). The most accepted evolutionary
scenario is that before the galaxy became a naked quasi-stellar
object and finally a compact quiescent galaxy (Hopkins et al.
2008a,b), interactions and/or mergers of gas- and dust-rich
galaxies in the early Universe (z > 4) went through an initial
short (<100 Myr) and intense (SFR> 103 M� yr−1) dusty star-
burst phase at coalescence, resulting in the expulsion (blowout
phase) of the remaining interstellar medium (ISM). This basic
evolutionary scenario has recently been challenged, as the
comoving density of detected infrared-luminous dusty star-
forming galaxies at z > 4 appears to be lower than current esti-
mates of quiescent galaxies at z ∼ 3–4 (Valentino et al. 2020).
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In addition, recent ALMA-based studies indicate that dusty
star-forming galaxies at z > 4 have a wide range of underlying
morphologies and physical origins: they can be members of
protoclusters (Oteo et al. 2017; Drake et al. 2020), they can
be involved in major and/or minor mergers (Riechers et al.
2020; Ginolfi et al. 2020; Gómez-Guijarro et al. 2018), or
they can be large star-forming discs (Hodge et al. 2012;
Jiménez-Andrade et al. 2020). Therefore, the triggering mecha-
nisms of these extremely massive and luminous starbursts and
their subsequent evolution is far from clear. Shedding new light
on this topic requires use of the James Webb Space Telescope’s
(JWST) high angular resolution imaging of their stellar structure
and close environment.

So far, most of the knowledge about the structure of dusty
star-forming galaxies at z > 4 comes from the ALMA dust con-
tinuum and [C ii]158 µm emission line maps. These studies con-
clude that while the dust emission is compact, the [C ii]158 µm
emission tracing the bulk of the neutral phases (atomic and/or
molecular) is more extended, with an average effective radius of
1 and 1.7 kpc, respectively (Cooke et al. 2018). With an SFR of
∼1000 M� yr−1 in such small volumes, a compact massive core
would form in a very short time (<100 Myr, Toft et al. 2014), as
seen in intermediate redshift (z ≈ 2) quiescent galaxies. Due
to their extreme faintness at (rest-frame) optical wavelengths,
the stellar structure of extreme starbursts is mostly unknown
and out of reach with Hubble Space Telescope (HST) and 8–
10 m telescopes. Only a handful of galaxies have IRAC/Spitzer
detections in the mid-infrared, but these lack the angular res-
olution to investigate their structure. The JWST, with its com-
bination of subarcsec angular resolution and sensitivity orders
of magnitudes better than any other previous telescope in the
near- and mid-infrared spectral range (i.e. 1–28 µm), opens for
the first time the possibility of investigating the structure of
the stellar light and ionised gas in these galaxies on (sub)kpc
scales.

SPT0311-58 is the highest redshift (z = 6.9) infrared-
luminous dusty star-forming system known so far (Strandet et al.
2017; Marrone et al. 2018) and one of the only two identified in
the Epoch of Reionization (the other is HFLS3 at a redshift of
6.3; Riechers et al. 2013). This system was first discovered in
the South Pole Telescope Survey (Vieira et al. 2013) and was
later studied in detail with ALMA, tracing several molecular
and atomic lines at different angular resolutions from 0.3−0.5
to 0.07−0.08 arcsec (Marrone et al. 2018; Jarugula et al. 2021;
Spilker et al. 2022). The system consists of an East-lensed (E)
and a West-lensed (W) galaxy that are separated by a projected
distance of 8 kpc, relative velocities of 700 km s−1 and average
lensing magnification of 1.3 (E) and 2.2 (W). Their intrinsic
infrared luminosity (8–1000 µm) places the two galaxies of the
system in the range of ultra-luminous (E) and hyper-luminous
(W) infrared galaxies, with luminosities of 3.5±0.7×1012 L� and
26±12×1012 L�, respectively (Jarugula et al. 2021). SPT0311-
58 is a very gas-rich system with intrinsic total gas masses (E and
W) of 3.1±2.7×1010 M� and 5.4±3.4×1011 M� (Jarugula et al.
2021). Star formation is proceeding at a very rapid pace, with
[C ii]158 µm-based rates of 778 and 1775 M� yr−1 in the E and
W galaxies, respectively (Spilker et al. 2022). This star forma-
tion appears to be distributed across several clumps with sizes
of about 1 kpc radius, and the stars form at rates of 100–
400 M� yr−1. The kinematics of the [C ii] emitting gas indicate
that neither of the two galaxies in SPT0311-58 agree with the
velocity pattern from a thin rotation-supported disc. The per-
turbed kinematics are rather likely produced by the combined
effect of tidal interactions, disc gravitational fragmentation, and

increased turbulence associated with the star formation process
itself (Spilker et al. 2022).

This paper presents mid-infrared imaging and spectroscopy
obtained with the JWST Mid-Infrared Instrument (MIRI;
Rieke et al. 2015; Wright et al. 2015). For the first time, these
data show the stellar structure and ionised gas on kpc scales
of a massive star-forming system from when the Universe was
only 800 Myr old. The structure of the paper is as follows.
Section 2 presents the JWST data, including the calibration and
post-calibration processing (Sects. 2.1–2.3). The ALMA and
HST ancillary data are presented together with details about
the relative astrometry of the different sets of data (Sects. 2.4
and 2.5). Section 3 presents the removal of the lensing galaxy
(Sect. 3.1), the MIRI photometry (Sect. 3.2), and spectroscopic
(Sect. 3.3) measurements. Section 4 contains our results and dis-
cussion, including the overall spectral energy distribution (SED)
of SPT0311-58 components (Sect. 4.1), the stellar structure of
the system (Sect. 4.2), the internal extinction based on the hydro-
gen recombination lines and SED fit (Sect. 4.3), the kinematics
of the ionised medium (Sect. 4.4), the starburst nature and SFRs
(Sect. 4.5), the ratio of the stellar to dynamical mass in this sys-
tem (Sect. 4.6), and the SPT0311-58 system in the context of
cosmological models (Sect. 4.7).

SPT0311-58 is a slightly magnified lensed system. Through-
out the paper, average lensing factors of 1.3 and 2.2 for the
E and W galaxies, respectively, of the SPT0311-58 system
(Marrone et al. 2018; Jarugula et al. 2021) are used when con-
verting observed fluxes to intrinsic fluxes as well as lumi-
nosities, and derived properties, such as SFRs and stellar
masses. We assume a Λ-cold dark matter (ΛCDM) cosmol-
ogy model with Ωm = 0.310 and H0 = 67.7 km s−1 Mpc−1

(Planck Collaboration VI 2020). For this cosmology, 1 arcsec
corresponds to 5.39 kpc at z = 6.9, and the luminosity distance is
DL = 69 Gpc. Following Madau & Dickinson (2014), the SFRs
and stellar masses from published data based on Salpeter ini-
tial mass function (IMF; Salpeter 1955) were transformed into
Kroupa (Kroupa 2001) and Chabrier (Chabrier 2003) by multi-
plying by the same factors, 0.67 (SFR) and 0.66 (M∗).

2. Observations, calibration, and data processing

2.1. JWST data

SPT0311-58 JWST data were obtained on July 17, 2022, using
the MIRI as part of the European Consortium MIRI Guaran-
teed Time (proposal ID 1264). The data is composed of imag-
ing observations from the MIRI Imager (MIRIM; Bouchet et al.
2015) and integral field spectroscopic observations from the
medium resolution spectrograph (MRS; Wells et al. 2015;
Labiano et al. 2021). The image was taken with the F1000W
filter centred at 10 µm for a total integration time of 2719.5 s
in FASTR1 read-out mode and using a four-point dither pat-
tern optimised for point source. Each dither was divided into
three integrations of 81 groups. The MRS data were taken in
SLOWR1 read-out mode with two independent configurations,
SHORT and MEDIUM, and each had a total integration time of
7549.2 s. This time was distributed in a four-point dither opti-
mised for extended sources. Each dither consisted of two inte-
grations with 39 groups each. To support the background sub-
traction, a complementary MRS pointing at a nearby sky region
was obtained using the same MRS configurations and observing
setup as for SPT0311-58 but with only two dithers. The SHORT
and MEDIUM spectral ranges cover eight independent spectral

A105, page 2 of 18



Álvarez-Márquez, J., et al.: A&A 671, A105 (2023)

bands in the 4.9–28.1 µm spectral range (see Wells et al. 2015;
Labiano et al. 2021 for details)1.

2.2. MIRIM F1000W calibration

The MIRIM F1000W data were calibrated with version 1.6.2 of
the JWST pipeline and context 0937 of the Calibration Refer-
ence Data System (CRDS). The CRDS context includes inflight
dark current and flat-fields reference files. The reduction was
done in an iterative way. We first ran the usual pipeline: (stage
one) ramp to slopes, (stage two) photometric and astrometry cal-
ibration, and (stage three) drizzling, re-mapping, stacking, and
mosaicking with default parameters. The mosaic resulting from
this iteration presented a background gradient, with the bottom
fifth of the field of view (FoV) darkening by up to ∼2% com-
pared to the (much flatter) rest of the image (far away from the
SPT0311-58 source in any case). There were also vertical stripes
at the <0.5 background level.

In order to subtract the background and remove the gradi-
ent and striping artefacts, we performed a second iteration of the
reduction. We started this iteration by detecting objects in the
mosaic using Sextractor and producing a segmentation map that
we enlarge by 5 pixels to account for the low surface background
regions of the galaxies. Next, we applied a column and row fil-
tering of the data (subtracting medians of each column and then
of each row), masking first the objects found in the first mosaic
with a mathematical morphology dilation of 5 pixels. We also
estimated the background in 128×128 pixel2 boxes and fitted a
smooth surface to remove the gradient in the bottom part of the
image (although the additive or multiplicative nature of this gra-
dient is still not clear). We then obtained new intermediate cali-
brated files (i.e. the output of stage two of the pipeline) with flat
null backgrounds, which we ran through stage three to produce
a new mosaic. We then repeated the procedure once more to get
better object masking and obtained final background-subtracted
mosaics with pixel scales of 0.1109′′ (the nominal pixel size)
and 0.06′′.

Another alternative method was used for the stripe removal
and background homogenisation. After detecting and masking
objects in the different dithered exposures, we calculated a back-
ground map to correct a given image. In the construction of the
background map, we first removed the median of each image,
then combined the images in a stacked background frame, and
finally scaled the stack by the median background of the image
we were interested in correcting. Although this method has been
very successful in dealing with the background in some other
datasets (e.g., PRIMER data, Pérez-González et al., in prep.), the
limited number of dithering positions in the SPT0311-58 dataset
did not allow for a correct background nor for artefact removal
using this more advanced method.

The image with 0.06′′ was used throughout the analysis, as it
provides good matching with the ancillary high angular resolu-
tion (beam size of 0.07–0.08′′) ALMA data (Spilker et al. 2022).
The WCS of these mosaics were off by ∼0.5′′ but were corrected
when performing the additional astrometry corrections for com-
parison with ALMA and HST data (see Sect. 2.5). The 5σ depth
of the final mosaic reaches 25.5 mag for a 0.32′′ circular aperture
(around our source), the radius being the full width at half maxi-
mum (FHWM) of the point spread function (PSF) in the F1000W

1 Check this JDox page (https://jwst-docs.stsci.edu/jwst-
mid-infrared-instrument/miri-observing-modes/miri-
medium-resolution-spectroscopy) for information about MRS
channels and bands.

band, for which we calculated a 30% aperture correction, that is,
the data reaches 25.2 mag 5σ depth for point-like sources.

2.3. MRS calibration

The MRS observations were processed with version 1.7.3 of
the JWST calibration pipeline and context 0977 of CRDS2.
In general, we followed the standard MRS pipeline proce-
dure (Labiano et al. 2016; Bushouse et al. 2022; and Álvarez-
Márquez et al. 2019a, 2022 for examples of MRS data calibra-
tion) but included some variations that were needed to improve
the quality of the final calibrated products for deep MRS observa-
tions. SPT0311-58 is a faint source whose main expected emis-
sion is around the Paα and/or Hα lines and is without detectable
continuum emission. Therefore, the noise in the long integration
(∼7.5 ks) is dominated by the background and detector effects, and
SPT0311-58 is not detected in individual exposures.

The first stage of the MRS pipeline, which performs the
detector-level corrections and transforms the ramps to slope
detector products, was run skipping the reset step (Morrison
et al., in prep.). Versions 1.6.2, or higher, of the pipeline includes
the reset correction in the CRDS dark reference file. Detectors
could have warm pixels, which are transient and likely due to
the effect of previous cosmic ray events. For each MRS detector,
we obtained the median of all background and on-source slope
images, independent of the pointing. The derived median slope
images were used to identify the warm pixels in each detector
by applying a classical sigma clipping algorithm. The detected
warm pixels were updated in the data quality array of the indi-
vidual slope images. The first MRS integration of a visit presents
a dark current (∼25%) lower than the following ones. We cor-
rected for this effect in each of the slope images by subtract-
ing the median values of all pixels located in the inter-channel
area of the detector, which is usually not illuminated by the sky
and/or telescope emission. We found that the standard pipeline
identifies and corrects most of the cosmic ray (CR) events, but
the so-called CR showers and/or highly energetic CRs still leave
some relevant residual effects2. The residuals of the CR showers
and additional detector effects are more relevant in channels one
than three due to the differences in the background levels.

The second stage of the pipeline, which provides fully cal-
ibrated detector images, was run skipping the straylight and
background pixel-by-pixel subtraction steps. Our MRS dataset is
dominated by the background emission and/or detector effects,
and therefore, the straylight correction provides only second-
order corrections. Additionally, the straylight correction could
provide over subtraction in some areas of the detector due to the
presence of bright or hot pixels. The pixel-by-pixel background
was performed as the last step of the second stage of the pipeline
and after the photom/flat-field and flat fringe corrections were
done. We generated a master background detector image for each
MRS channel and band. This was done by obtaining the median,
independent of the pointing, for all background and on-source
fully calibrated detector images. The master background detec-
tor image was subtracted from each of the fully calibrated detec-
tor images. The decision to subtract the background at the end

2 Check this JDox page (https://jwst-docs.stsci.edu/jwst-
science-calibration-pipeline-overview) for general informa-
tion about the JWST calibration pipeline. Review the MIRI Features and
Caveats (https://jwst-docs.stsci.edu/jwst-mid-infrared-
instrument/miri-features-and-caveats) and Pipeline Caveats
(https://jwst-docs.stsci.edu/jwst-calibration-pipeline-
caveats) webpages for the latest status and information about the
MIRI performance and calibration pipeline known issues.
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of the second stage was driven by the fact that the main source
is not detected in individual exposures and the noise in the fully
calibrated detector images is dominated by background or detec-
tor effects. Therefore, this pixel-by-pixel background subtraction
would correct any fringe or detector level residuals as well as any
features injected by the photometry and flat-field correction.

The third stage of the pipeline, which combines all the expo-
sures and provides the 3D spectral cubes, was run using default
settings on the background subtracted and fully calibrated detec-
tor images. This process produced eight 3D spectral cubes, one
for each band (SHORT and MEDIUM) of the MRS channels,
with spatial and spectral sampling of 0.13′′×0.13′′×0.001 µm
for channel one, 0.17′′×0.17′′×0.002 µm for channel two,
0.20′′×0.20′′×0.003 µm for channel three, and 0.35′′×0.35′′×
0.006 µm for channel four. The resolving power ranges from
4000, in channel one, to 1500, in channel four, correspond to
a FWHM of 75 km s−1 to 200 km s−1 (Labiano et al. 2021). The
WCS of the 3D spectral cubes were corrected using the MIRIM
observations taken in simultaneous mode with the MRS (see
Sect. 2.5).

2.4. ALMA and HST ancillary data

The [C ii]158 µm observations were carried out with ALMA
under program IDs (2016.1.01293.S and 2017.1.01423.S: PI
Marrone). The data is described in detail in Spilker et al.
(2022), and we mostly followed the same reduction proce-
dure as described there. A particular difference was that we
applied one round of phase-only self-calibration to the data
after running it through the ALMA pipeline. We imaged the
rest-frame 160 µm continuum (observed at ∼240 GHz) using the
line-free spectral channels by excluding a ±1500 km s−1 win-
dow around the [C ii]158 µm emission line and using a Briggs
weighting scheme with a robust parameter of 0.5, resulting in
a synthesised beam of 0′′.093 × 0′′.085 and an rms noise of
8.0 µJy beam−1. We also generated a continuum-subtracted data
cube with a channel spacing of 30 MHz (∼37 km s−1), which has
an rms noise of 0.10 mJy beam−1 per 30 MHz channel. An inte-
grated [C ii]158 µm image was generated from this data cube
by summing up all emission within the channels that showed
[C ii]158 µm emission. For visualisation purposes, we also gen-
erated an integrated [C ii]158 µm image from a continuum-
subtracted data cube with a channel spacing of 150MHz where
all spaxels below three times the rms noise were masked in order
to highlight the clumps of [C ii]158 µm emission.

Complementary to the ALMA and MIRI data, ancillary near-
infrared HST images of SPT0311-58 were retrieved from the
Mikulski Archive for Space Telescope. Images were taken with
the WPFC3 camera using the near-infrared filters F125W and
F160W (PI: Marrone, ID: 14740). These fully calibrated images
with an integration time of ∼2800 s for each filter have a pixel
scale of ∼0.13′′and angular resolution FWHM ∼ 0.25′′, similar
to that of our MIRI F1000W image.

2.5. JWST-ALMA-HST astrometry

To perform a proper comparison of the structures seen at differ-
ent wavelengths, we needed to put all the different datasets into
the same coordinate system. Since we were dealing with very
high angular resolution data, this required a precision better than
100 mas in the absolute positioning.

The absolute astrometry of the ALMA data was estimated
from the position of a secondary source that was observed during
the ALMA observations, which has a known position in the sky

as tabulated in the ALMA source calibrator catalogue. Observa-
tions of this secondary source were interspersed between subse-
quent phase-target calibrator sequences. Analysis of the position
of this secondary source yielded average positional deviations of
less than 3 milliarcsec, which even after accounting for the posi-
tional uncertainty in the source catalogue, yields absolute astro-
metric uncertainties on the SPT0311 observation smaller than
10 milliarcsec.

The MIRI observations have position uncertainties due to the
overall telescope pointing uncertainties (i.e. guide stars and roll
angle). To correct for this effect, we used three stars from Gaia
DR3 (Gaia Collaboration 2022) identified in the HST images,
which yielded an uncertainty (1σ) in the final absolute posi-
tioning for the HST WFC3 images (i.e. F125W and F160W)
of 37 mas and 36 mas in RA and Dec, respectively. The MIRI
F1000W image was then aligned with the HST data by fitting
a 2D Gaussian to the lensing galaxy, producing an uncertainty
smaller than 30 mas. Therefore, the astrometric uncertainties
when comparing MIRI/F1000W structures with those identified
in the ALMA and HST data corresponds to less than ∼50 and
∼30 mas, respectively.

The MIRIM observations were taken in a simultaneous mode
with the MRS observations, although with an FoV adjacent to
the MRS due to the relative offset in the sky between MIRIM
and MRS. The MIRIM observations used the filters F770W and
F1000W. We used these simultaneous MIRIM observations to
align and correct the absolute astrometry of the MRS 3D spectral
cubes. We replicated the approach followed in the case of the
F1000W direct image and used the Gaia DR3 stars present in
the FoV to correct the astrometry, yielding an uncertainty (1σ)
smaller than half the MRS pixel-size (i.e. <90 mas).

3. Photometry and spectroscopic measurements

3.1. Lensing galaxy removal

SPT0311-58 is a system lensed by a galaxy at z = 1.43±0.36
(Marrone et al. 2018) that is located at projected angular dis-
tances of ∼0.6′′ and ∼1.6′′ from the system’s W and E galax-
ies, respectively (see left panel, Fig. 1). We removed the lensing
galaxy to obtain an accurate image of the structure and photom-
etry of the SPT0311-58 system.

We used two independent tools, Statmorph (Rodriguez-
Gomez et al. 2019 and GALFIT (Peng et al. 2002), to model the
emission of the lensing galaxy. Both tools are designed to fit the
light profile of galaxies taking into account the PSF of the instru-
ments. The lens model was created with the HST WFC3 F160W
image (see Sect. 2.4 for details), which has the advantage that
the W component of SPT0311-58 is below the detection limit
and does not affect the analysis. The PSF corresponding to this
image is defined by TinyTim (Krist 1993).

Robust values of ellipticity ∼0.60 and position angles of
∼60◦ north-to-east for the major axis were found with both fitting
codes. However, the Sersic index and the effective radius vary
from 1.2 and 0.51′′ (Statmorph) to 1.9 and 0.75′′ (GALFIT). A
complementary fit using GALFIT was performed based on the
MIRIM F1000W image, and the PSF model was derived with
WebbPSF (Perrin et al. 2014). The Sersic index and effective
radius of this fitting in which the centre of the lensing galaxy
was fixed to minimise possible biases caused by the presence of
the W component are 1.98 and 0.84′′, respectively. The effective
radius and Sersic index are correlated, and therefore the apparent
differences in the parameters of the light profile are likely due
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Fig. 1. Lensing galaxy removal. The top (bottom) row of this figure shows, from left to right, the WFC3/F160W (MIRI/F1000W) image of
SPT0311-58, the Sersic models from the lensing galaxy, and the residual images used for further analysis, respectively.

to the compactness of the galaxy and the way Statmorph and
GALFIT fit the inner structure with the combined PSF+galaxy
light profile. These differences translate into an uncertainty of
<5% in the apparent integrated flux of the lensing galaxy (i.e.
5.4±0.2 µJy).

To obtain a lens-removed MIRIM F1000W image of the
SPT0311-58, we created independent models of the lensing
galaxy based on the fitted light profiles for the F160W and
F1000W images using Statmorph and GALFIT, as mentioned
above. These models were then subtracted from the original
MIRIM F1000W image, after a convolution with the MIRIM
PSF and a flux normalisation, based on the average emission
from the central ∼0.3′′ radius of the lens galaxy. An example of
this procedure can be seen in Fig. 1 where the modelling using
the WFC3 F160W image is presented.

The different approaches to modelling the lensing galaxy
yielded residual maps with a similar over-subtraction in the cen-
tre of the image (∼12% of the original flux) spatially coinci-
dent with the lensing galaxy. However, this effect, which seems
to be independent of the method and image considered, has a
minor impact on the photometry measurements of the SPT0311-
58 clumps, especially on those outside of the lens galaxy
major-axis. Since there is no preferred method, all the available
lens-removed maps were taken into account during the photom-
etry analysis (see Sect. 3.2). This way, the final uncertainty in
the flux measurements includes not only the noise properties of
the data themselves but also the potential uncertainties and/or
biases associated with using a specific methodology in the sub-
traction of the lensing galaxy. Uncertainties in the photometry
of the SPT0311-58 clumps (see Sect. 3.2) range from ∼5% for

clumps in the E component (e.g., EA to EE) as well as the WA
clump in the W component to ≤15% for the clumps closest to
the lensing galaxy (e.g., WB, WC, WD).

3.2. MIRIM F1000W photometry

The structure of the SPT0311-58 system appears to consist of
a number of compact point sources (i.e. clumps). The photom-
etry of each of the clumps was extracted in the clean 60 mas
F1000W image after the removal of the lensing galaxy. The
energy enclosed within the FWHM (0.32′′) of the modelled
PSF (WebbPSF) corresponds to ∼60% to that at infinity (as
also given by the aperture correction provided by the CRDS,
i.e. jwst_miri_appcorr_0008.fits). The clumps detected in the
F1000W image are typically separated by ∼0.2′′ (∼1 kpc), and
therefore, a direct measurement with an 0.16′′ radius aperture
would include emission from nearby clumps. To avoid the flux
contamination within an aperture from close clumps, we used
GALFIT to perform the photometry of each individual clump. All
clumps were simultaneously fitted using the PSF derived from
WebbPSF and considering each clump as an unresolved source
centred in the emission peaks identified in the F1000W image
(see Table 1 and Fig. 2). To take into account the uncertainty
induced by the lensing galaxy removal, we repeated the photome-
try for each of the different lens-subtracted models (see Sect. 3.1),
defining the final observed fluxes as its average value. Associated
errors were computed as the quadratic sum of the standard devi-
ation of the models and the errors provided by GALFIT, which
account for the errors in the background noise and contamination
of clumps according to their relative positions.
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Table 1. MIRI F1000W photometry derived for the MIRI/F1000W clumps.

Region RA Dec fobs fint Lint

(J2000) (J2000) (µJy) (µJy) (109 L�)
(1) (2) (3) (4) (5) (6)

EA 3h11m33.355s −58◦23′33.083′′ 0.28±0.07 0.22±0.05 10.0±2.4
EB 3h11m33.371s −58◦23′33.367′′ 0.30±0.05 0.23±0.04 10.5±1.8
EC 3h11m33.390s −58◦23′33.529′′ 0.34±0.05 0.26±0.04 11.8±1.9
ED 3h11m33.386s −58◦23′33.817′′ 0.22±0.04 0.17±0.03 7.8±1.5
EE 3h11m33.408s −58◦23′33.846′′ 0.22±0.04 0.17±0.03 7.7±1.5
WA 3h11m33.119s −58◦23′33.234′′ 0.39±0.12 0.18±0.06 8.1±2.5
WB 3h11m33.111s −58◦23′33.443′′ 0.38±0.05 0.17±0.02 8.0±1.0
WC 3h11m33.127s −58◦23′33.616′′ 0.50±0.06 0.23±0.03 10.3±1.3
WD 3h11m33.088s −58◦23′33.763′′ 0.55±0.06 0.25±0.03 11.4±1.2

Notes. Column (1): Name of each region. Columns (2) and (3): Right ascension and declination for the centre of each aperture. Columns (4)
and (5): Observed and intrinsic fluxes (i.e. corrected for lensing magnification factors) derived from an aperture of r ∼ 0.10′′. Columns (6):
Intrinsic F1000W luminosity.

Fig. 2. Imaging of the SPT0311-58 system. Left panel: MIRI F1000W image of SPT0311-58 system after removal of lensing galaxy. Cyan
circles mark the position of the individual F1000W clumps, while white circles shows the MRS apertures used for the extraction of the
Paα spectra (see Sect. 3.3). Right panel: RGB image where red, green, and blue colours show the ALMA [C ii]158 µm, MIRIM F1000W,
and WPFC3 F160W lens-subtracted images representing the [C ii], rest-frame 1.25 µm, and rest-frame 200 nm continuum, respectively (see
Sect. 2).

Along with the photometry of the individual clumps, we also
measured the integrated fluxes for the E and W galaxies. These
values were used as the observed 10 µm photometry for the SED
fitting (see Sect. 4.1). The observed (i.e. uncorrected by lens
magnification) fluxes for the E and W galaxies are 1.6±0.3 µJy
and 2.2±0.4 µJy, obtained by integrating over areas of ∼1.7 and
1.5 arcsec2. Aperture correction factors of ∼1.17 and 1.22 were
applied for the E and W galaxies, respectively. These factors
were calculated by simulating the clump distribution of each
galaxy independently, taking each clump as a point source mod-
elled with the WebbPSF model, and calculating the flux outside
the areas. The aperture corrected fluxes calculated in mentioned
apertures agree within less than 20% with the total flux obtained
by summing up all clumps. This result suggests that diffuse emis-
sion, if any, must represent a small fraction of the total measured
flux.

3.3. MRS Paα & Hα spectra

The rest-frame Hα and Paα emission lines were redshifted to
MRS channels 1SHORT and 3MEDIUM for SPT0311-58 at
z = 6.9. The Paα line was detected in both E and W galax-
ies of SPT0311-58. Its emission appeared compact and con-
centrated around the main clumps identified in the MIRIM
F1000W image, EB+EC and WC+WD (see Sects. 4.2 and 4.4
for details), closely matching the ALMA [O iii]88 µm emission
(Marrone et al. 2018). However, within the current noise lim-
its, Hα was not detected in either of the two galaxies of the
system.

We performed 1D spectral extraction using standard aper-
ture photometry (Bradley et al. 2022). The Paα spectra were
extracted in an aperture radius equal to 0.5′′ (∼2.7 kpc) and
centred at positions (RA[deg], Dec[deg]) equal to (47.8891167,
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Fig. 3. MRS spectra of Paα (left plot) and Hα (right plot) emission lines for E (upper panel) and W (bottom panel) galaxies of SPT0311-58. Black
lines: MRS extracted spectra. Red filled area: wavelength integration range used to determine the Paα line flux. Red dotted lines: wavelength
integration range used to determine the flux in Paα line translated to the Hα spectral range. Dotted black line: central wavelength of Paα line
and expected central wavelength of Hα line determined from Paα. Gray area: the ±1σ calculated as the standard deviation form nine different
background spectra.

−58.3926333) for the E galaxy and (47.888027, −58.392719)
for the W galaxy (see white apertures in Fig. 2). With the same
aperture, we also extracted nine 1D spectra in different posi-
tions of the MRS FoV clean of emission from the main galaxy
system (lens galaxy + SPT0311-58). We combined the spec-
tra to generate the 1D median and standard deviation spectra
of the ‘background’. The median was subtracted from the Paα
spectra with the goal of removing any background residual left
after the detector background subtraction was performed in the
MRS calibration process (see Sect. 2.3). Additionally, the Paα
spectra was affected by the continuum emission of the lens
galaxy, and we subtracted it by fitting a linear function to the
continuum surrounding the Paα line. The final Paα spectra is
shown in Fig. 3 together with the 1σ errors calculated from
the standard deviation of the nine different background spec-
tra. The Paα line is spectrally resolved and centred at 14.860 µm
for both components. The flux of Paα was calculated by inte-
grating in a velocity range from −350 km s−1 to 450 km s−1

(E galaxy) and −650 km s−1 to 450 km s−1 (W galaxy) around
its observed central wavelength (see red-filled area in Fig. 3).
These velocity ranges delimit the values at which the Paα flux
is positive. The Paα line was detected with a significance of 9.7
and 7.8 and with observed fluxes of 1.07±0.11 and 1.09±0.14
×10−17 erg s−1 cm−2 for the E and W galaxies, respectively. The
fluxes and spectra were corrected by aperture losses, assuming
that the Paα emission is a point source for the MRS angular res-
olution at 14.86 µm (PSF FWHM = 0.6′′). The percentage of
flux outside the selected aperture is 36.5% of the total, which
was found by using the latest MRS PSF models (Papatis et al.,
in prep.).

The Hα spectra were obtained following the same procedure
as that for Paα but with an aperture radius equal to 0.3′′ to reduce
the noise level. The Hα line was not detected in either of the
two galaxies (see Fig. 3). The observed 3-sigma upper limits for
the Hα flux, assuming the same velocity interval as for Paα, are
7.0×10−18 and 8.6×10−18 erg s−1 cm−2 for the E and W galaxies,
respectively.

4. Results and discussion

4.1. The overall spectral energy distribution of SPT0311-58
galaxies: star formation and internal extinction

We performed an SED fitting analysis with CIGALE
(Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019) for
the E and W galaxies of SPT0311-58. The observed SED ranges
from 1.25 µm to 3 mm, combining public ancillary photometry
obtained with other facilities as well as the new MIRIM and
MRS data points (see Table 2 for details). The observed fluxes
of Paα and the 3σ upper limits of Hα were also used in the
SED fitting analysis. The star formation history (SFH) was mod-
elled using a constant star formation with ages ranging from
1 to 100 Myr. We adopted the stellar population models from
Bruzual & Charlot (2003) with solar metallicity and the Chabrier
(2003) initial mass function. We included the nebular continuum
and emission lines, using solar metallicity, electron density of
100 cm−3, an ionised parameter equal to log(U) = −3, and the
fraction of Lyman continuum photons escaping the galaxy set to
zero due to absorption by the ISM. The assumption to fix the
metallicity to solar, even for a system at z = 6.9, was deter-
mined by the fact that SPT0311-58 is a massive (1010−11 M�) and
evolved system (Tremonti et al. 2004; De Breuck et al. 2019).
High-z starburst (e.g., Doherty et al. 2020) and/or ultra-luminous
infrared galaxies (ULIRGs) galaxies (e.g., Graciá-Carpio et al.
2011) have shown extreme nebular conditions with electron den-
sities larger than 100 cm−3 and log(U) in the range of −1 to −3.
When we considered these extreme values in the SED fitting, we
found physical parameters that varied from what is presented in
Table 3 by less than 5% and within the uncertainties.

For the dust attenuation, we used the dustatt_
modi f ied_CF00 module of CIGALE (Boquien et al. 2019). It
is based on the Charlot & Fall (2000) dust attenuation model
where the young stars (<10 Myr) and the nebular emission
located in the birth clouds (BC) suffer from additional attenua-
tion compared with the stars (>10 Myr) that have broken out and
escaped into the ISM. This module is flexible and allows one to
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Table 2. Summary of the photometry and emission line fluxes used in
the SED fitting analysis of the integrated E and W galaxies of SPT0311-
58.

Instrument/filter E galaxy W galaxy

WPFC3/F125W 0.22±0.01 µJy <0.05 µJy
WPFC3/F160W 0.35±0.01 µJy <0.07 µJy
IRAC/3.6 µm 0.6±0.2 µJy —
IRAC/4.5 µm 0.6±0.2 µJy —
MIRIM/F1000W 1.6±0.3 µJy 2.2±0.4 µJy
SPIRE/250 µm 2.5±0.8 mJy 27±9 mJy
SPIRE/350 µm 3.3±0.7 mJy 35±7 mJy
SPIRE/500 µm 4.6±0.8 mJy 48±9 mJy
ALMA/710 µm 4.0±0.3 mJy 41.8±0.7 mJy
ALMA/869 µm 3.8±0.4 mJy 33.4±0.6 mJy
ALMA/1.26 mm 1.5±0.1 mJy 20.5±0.4 mJy
ALMA/3 mm <0.12 mJy 1.60±0.05 mJy
MRS/Hα <0.70 <0.86
MRS/Paα 1.07±0.11 1.09±0.14

Notes. The WPFC3 and MIRI photometry were obtained using the same
aperture (see Sects. 2.4 and 3.2). The IRAC, SPIRE, and ALMA pho-
tometry are from Marrone et al. (2018). The Hα and Paα fluxes are in
units of 10−17 erg s−1 cm−2 (see Sect. 3.3).

set up the slopes of the two components of the dust attenuation
curve (BC and ISM), the AV of the ISM component, and the
factor that relates the AV of the ISM and BC components. We
left all parameters free in the SED fitting analysis, defining
exactly the same initial parameters as Lo Faro et al. (2017)
in the analysis of the dust attenuation curve of ULIRGs at
z ∼ 2 (see the double power-law free case from Table 1 in
Lo Faro et al. 2017). The infrared emission was modelled using
the Draine & Li (2007) dust models with the PAH mass fraction,
the minimum radiation field, and the fraction of illumination
from the minimum and maximum radiation fields parameters
kept free. The SED fitting analysis for the E galaxy used all
the discussed initial parameters, as it presents a relatively good
wavelength coverage from rest-frame far-UV to far-infrared. In
the case of the W galaxy, with its SED covering only the near-
to far-infrared rest-frame, we fixed the initial parameters related
to the slopes of the dust attenuation following the results of the
E galaxy.

The results of CIGALE SED fitting analysis for the two
galaxies of the SPT0311-58 system are summarised in Table 3
and Fig. 4. Table 3 presents the main physical and observed
parameters derived from the CIGALE Bayesian analysis, and
Fig. 4 shows the SED models that best fit the observed photome-
try and emission line fluxes. Assuming a constant SFH, the dom-
inant stellar population is compatible with ages ranging from 15
to 35 Myr in both components of SPT0311-58 and a total stellar
mass equal to (1.4±0.4)×1010 and (8.0±2.4)×1010 M� for the E
and W galaxies, respectively. A two component SFH combin-
ing an old (>100 Myr) and young (<50 Myr) stellar population
was also tested. It yielded similar results for the young stellar
population but with a probability of having an additional old
(>100 Myr) stellar population with a mass of up to 25% of the
young stellar population. Even if an ageing stellar population
is expected, there is so far not enough information in the rest-
frame far-UV to near-infrared SED to establish its contribution.
Therefore, the SED fitting analysis uses the constant SFH that
identifies a young stellar population as the one dominating the
SED.

Table 3. Summary of the physical properties and emission lines fluxes
determined from the SED fitting analysis of the integrated E and
W galaxies of SPT0311-58.

Parameter Units E galaxy W galaxy

Age Stars Myr 21±7 26±10
M∗ ×1010 M� 1.4±0.4 8.0±2.4
SFR M� yr−1 740±100 3640±500
sSFR Gyr−1 53±22 45±20
AV−ISM mag 1.3±0.3 5.0±0.4
AV−BC mag 4.3±1.6 5.0±0.9
FHα ×10−18 ergs−1 cm−2 5.2±2.2 1.2±0.5
FPaβ ×10−18 ergs−1 cm−2 2.3±0.4 1.6±0.4
EWPaβ 10−3 µm (rest-frame) 5±1 4±2
FPaα ×10−18 erg s−1 cm−2 8.8±1.3 10±2
LIR ×1012 L� 5.3±0.7 28±4

Notes. AV−BC and AV−ISM are the visual (λ= 550 nm) attenuation of the
birth cloud and interstellar medium components of the dust attenuation
curve, respectively. The nebular emission and young stars (<10 Myr) are
attenuated with an AV equal to the sum of the AV−BC and AV−ISM, and
older stars (>10 Myr) with an AV equal to AV−ISM. FHα, FPaβ, and FPaα
are the Hα, Paβ, and Paα observed fluxes derived from the SED fitting
analysis. The SFR, M∗, and LIR were corrected for magnification.

The dust attenuation curve derived from the E galaxy is
compatible with the one obtained for ULIRGs galaxies at z∼ 2
(Lo Faro et al. 2017). The derived dust attenuation curve is
flatter than Calzetti’s (Calzetti et al. 2000), producing a rela-
tively lower attenuation at far-UV wavelengths and a higher
one at near-infrared wavelengths. Similar results have been
found in galaxies with high stellar masses (>1010 M�) and/or
in the ULIRG range (e.g., Álvarez-Márquez et al. 2019b). We
also tested the SED fit with a more standard dust attenua-
tion curve (as used for the Paα/Hα extinction discussed in
Sect. 4.3), which combines the Calzetti’s dust attenuation law
(Calzetti et al. 2000) for the stellar component and the Cardelli’s
Milky Way extinction law (Cardelli et al. 1989) for the neb-
ular emission. This approach failed to simultaneously fit the
rest-frame stellar+nebular far-UV and far-infrared SED and the
observed Paα fluxes. This suggests the potential need of a dif-
ferent dust attenuation curve than that of Calzetti, which is the
one commonly used at high-z. This result would require further
analysis involving additional data that is beyond the scope of this
paper.

The derived visual (λ= 550 nm) attenuation (AV) seen by
the nebular emission and young (<10 Myr) stellar population is
5.6±1.7 and 10±1 mag in the E and W galaxies, respectively.
The AV was reduced to 1.3±0.3 and 5.0±0.4 mag in the case
of the older (>10 Myr) stellar populations. We obtained an SFR
equal to 740±100 and 3640±500 M� yr−1 that yielded an sSFR
(≡SFR/M∗) of 53±22 and 45±20 Gyr−1 for the E and W galax-
ies, respectively. Finally, our SED fitting analysis was able to fit
the observed photometry and derive Hα and Paα fluxes in agree-
ment with the ones obtained from the MRS spectra.

4.2. The clumpy stellar structure of SPT0311

The MIRI F1000W filter traces the near-infrared rest-frame
(1.14–1.39 µm) at the redshift (z = 6.9) of SPT0311−58. Within
this band, there are no strong emission lines, and the contribution
of the nebular continuum is negligible. Therefore, the F1000W
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Fig. 4. Observed near-infrared to millimeter SEDs and best-fit models derived from CIGALE SED fitting analysis of E and W galaxies. Blue line:
Best-fit model for the E galaxy. Red line: best-fit model for the W galaxy. Circles: observed fluxes for the E and W galaxies. Triangles: observed
upper limits for the E and W galaxies. Observed quantities used in the fit are given in Table 2.

image traces the stellar light of this system. As long as its equiva-
lent width (EW) is large enough in comparison to the bandwidth
of the filter (i.e. 2 µm), the Paβ hydrogen line is the only line
that could potentially contribute to the F1000W flux. However,
the Paβ equivalent width drops to values of less than 0.016 µm
for constant star formation older than 10 Myr (Leitherer et al.
1999), which is in good agreement with the Paβ EW values
derived from the SED fitting (see Table 3). Only stellar popula-
tions dominated by extremely young stars with ages of less than
4 Myr could have Paβ equivalent widths closer to 0.1 µm, con-
tributing up to 40% of the observed flux in the F1000W band at
z = 6.9. Similarly, the nebular continuum could also contribute
significantly (i.e. above 20%) to the total (stellar plus nebular)
continuum emission at wavelengths of 1–2 µm for stellar pop-
ulations younger than 4 Myr (Reines et al. 2010). However, the
SED fitting confirms that a scenario where extreme young stel-
lar populations dominate the F1000W light is unlikely. Thus, we
considered that the effect of the nebular emission is negligible in
the F1000W filter.

The stellar light distribution of SPT0311-58 shows a clumpy
structure in each galaxy of the system. The E galaxy consists of
five clumps (EA to EE) distributed over a length of about one
arcsec (i.e. ∼5.4 kpc) with similar apparent fluxes and no one
clump dominating the light distribution. The W galaxy shows

very similar characteristics, having four clumps (WA to WD,
and an additional tentative WE) identified in a slightly more
compact region of about 0.8′′ (i.e. ∼4.3 kpc) in length. The
overall stellar structure is reminiscent of the 160 µm contin-
uum and [C ii]158 µm line emission already known from high
angular resolution ALMA imaging (Spilker et al. 2022, see also
Marrone et al. 2018; Jarugula et al. 2021). However, differences
are evident upon direct comparison, in particular when compar-
ing with the 160 µm continuum, as it shows a clumpier structure
than the more diffuse [C ii] emission (see Fig. 5). In general, the
F1000W clumps appear to be somewhat spatially offset from the
160 µm by 100 to 200 mas (i.e. ∼0.4–0.8 kpc at the redshift of the
system). These offsets are at the 2 to 4 sigma level of the rela-
tive astrometry of ALMA and MIRI imaging, and therefore are
considered real. However, it is difficult to conclude based just on
the astrometry alone whether the clumps identified by the peak
emission in the F1000W and 160 µm ALMA images are physi-
cally the same or are two independent clumps. In the following
paragraph, we take an approach where we consider that relative
offsets of 100 mas (i.e. 2σ positional uncertainties) are likely the
same clump, while offsets of 150–200 mas can be considered as
already independent.

In the E galaxy, clumps EA, EB, and EC appear to be asso-
ciated with the 160 µm clumps. While clump EA has a direct
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Fig. 5. Spatial distribution of ALMA and MIRI clumps. From left to right, ALMA rest-frame 160 µm continuum, ALMA [C ii]158 µm,
MIRI/F1000W, and WFC3/F160W images of SPT0311-58. The MIRI and HST images have been subtracted from the lensing galaxy (see
Sect. 3.1). White dashed circles display the apertures used to extract the photometry centred on ALMA continuum clumps and defined by
Spilker et al. (2022). Cyan circles mark the clumps derived in this work from the F1000W image.

correspondence with the ALMA clump E2 identified in both the
160 µm and [C ii] emission, clumps EB and EC are associated
with the 160 µm clump E3. However, both EB and EC are sep-
arated by ∼120 mas (i.e. 0.65 kpc) in opposite directions with
respect to the 160 µm continuum peak. A central dust lane bisect-
ing the EB and EC clumps could explain this structure. The dis-
tribution seen in the [C ii] line reinforces this scenario, as the
line emission is diffuse and extended over the region covered
by clumps EB and EC. Nonetheless, F1000W clumps ED and
EE do not have a counterpart in the ALMA images, in contin-
uum, nor in the [C ii] distribution. These clumps, however, are
detected in the HST F160W image (i.e. rest-frame UV light),
with the clump EE being the strongest UV source of the two.
These clumps can be interpreted as low-extinction regions with
young high-mass stars emitting UV radiation and having a low
gas and dust content. Finally, the very faint ALMA clump E1
was not detected in the F1000W image.

In the W galaxy, the F1000W clumps appear to be more con-
centrated towards the bright central region of the far-infrared

continuum and [C ii] emission. The 160 µm clumps located in
the most northern (W1, W2, and partially W3) and southern (W7
and W8) regions do not have a F1000W counterpart (see Fig. 5).
The strongest far-infrared clump (W4) has a weak F1000W
counterpart (WA). This suggests that the northern region of the
W galaxy has a large amount of gas and dust that likely obscures
the radiation in the near-infrared rest-frame. This condition was
also independently confirmed by the non-detection of Paα in the
regions (see Sect. 3.3). The brightest F1000W clumps in the
W galaxy (WB, WC, and WD) are offset by about 150–200 mas
(i.e. 0.8–1.1 kpc) from the brightest 160 µm emission clumps
(W4 to W6). While WB and WC appear in regions with weak
[C ii] emission, WD appears to be associated with a strong [C ii]
emission that also appears offset from the continuum peak emis-
sion (W6). This suggests that the observed offsets between the
emitting dust at 160 µm, the [C ii] emitting gas, and the stellar
light in the southern section of the W galaxy are partly due to the
clumpy dust structure on (sub)kpc scales. Regions of high obscu-
ration, as identified by the compact 160 µm emission clumps,
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coexist with other regions that have much less dust and/or gas.
In some discy low-z luminos infrared galaxies (LIRGs), the
cold molecular gas and stellar or ionised gas distribution show
different clumpy structures on (sub)kpc scales (Bellocchi et al.
2022). Stellar clumps identified in the near-infrared continuum
and emission lines are known to exist in low-z LIRG discs
(Alonso-Herrero et al. 2006; Díaz-Santos et al. 2008).

4.3. Internal extinction in the ionised interstellar medium
and stars

The MRS data covers the two brightest hydrogen recombina-
tion lines in the optical (Hα) and near-infrared (Paα) range. The
ratio of the upper limits in the observed flux for the Hα with
respect to that of the measured Paα line allows one to derive a
lower value to the internal extinction in both galaxies of the sys-
tem. Assuming a Hα/Paα recombination ratio of 8.6 (case B, for
electron temperatures of 104 K and electron densities of less than
104 cm−3; Hummer & Storey 1987), the internal nebular extinc-
tion is given as:

AV(nebular) ≥
log 8.6 − log[Fobs(Hα)/Fobs(Paα)]

0.4 × [A(Hα) − A(Paα)]
, (1)

where A(Hα) and A(Paα) are derived following Cardelli’s
Milky Way extinction law (Cardelli et al. 1989). The lower
limits of the nebular visual extinction correspond to an AV
of 4.2 and 3.9 magnitudes for the E and W galaxies. These
high internal nebular extinction values are similar to those
measured in low-z luminous (median AV of 5.3) and ultra-
luminous (median AV of 6.5) galaxies based on the line
ratios of near-infrared hydrogen lines (Piqueras López et al.
2013, 2016) or optical and near-infrared (Hα/Paα, Hα/Paβ;
Alonso-Herrero et al. 2006; Giménez-Arteaga et al. 2022). Also,
intermediate redshift (median z = 1.55) dusty star-forming
galaxies do show large extinctions (AV = 5.0±0.4, Casey et al.
2017). To derive the visual extinction for the stellar component,
we follow Calzetti’s prescription (Calzetti et al. 2000) where
E(B − V)(stellar) = 0.44×E(B − V)(nebular) with RV set as 4.05
(Calzetti et al. 2000) and 3.1 (Cardelli et al. 1989) for the stel-
lar continuum and nebular lines. The lower limits to the visual
extinction in the stellar component therefore correspond to 2.4
and 2.2 for the E and W galaxies, respectively. Internal extinction
towards the stars has been previously estimated based on SED
fitting (2.7±0.2 and ≤6 for E and W components, Marrone et al.
2018). The lower limits derived from the ratio of the hydrogen
lines indicate an extinction for the stars in the E galaxy that is
in good agreement with the SED value, while the SED fitting
for the W galaxy provides an upper limit with a larger extinction
value.

The new SED fitting that includes the nebular continuum
emission as well as the new F1000W and MRS data (i.e.
observed 10 µm continuum flux, Paα emission line fluxes, and
Hα upper limits) provides stronger constraints and new inde-
pendent values for the average extinction in each of the galax-
ies (see Sect. 4.1). When comparing with the nebular extinction
derived from the recombination lines, one must bear in mind that
the Paα/Hα ratio provides the nebular extinction only towards
the regions where the F1000W clumps are detected. In con-
trast, the SED provides an average of the internal extinction
over the entire E and W galaxies. This average will likely show
bias towards higher extinctions if a patchy dust distribution with
strong extinction gradients on (sub)kpc scales is present. These
distributions are typical in low-z luminous and ultra-luminous
galaxies (Scoville et al. 1998, 2000; Alonso-Herrero et al. 2006;

Piqueras López et al. 2016; Giménez-Arteaga et al. 2022). For
the E galaxy, we derived extinctions AV(nebular) = 5.6±1.7 for
the nebular emission and young (i.e. less than 10 Myr) ionis-
ing stellar population and AV(stellar) = 1.3±0.3 for older stel-
lar populations. Much higher extinctions were obtained for the
W galaxy, with AV(nebular) = 10.0±0.9 and AV(stars) = 5.0±0.6,
respectively.

The derived nebular and stellar extinctions assume a fore-
ground dust screen with the ionised gas and young stars behind
an additional slab of dust. However, the dust can be mixed with
the young stars and ionised gas, especially in ultra-luminous
infrared galaxies with large amounts of gas and dust such as
the SPT0311-58 system. Under the assumption of mixed dust
and gas geometry, the Paα/Hα ratio reaches an asymptotic value
of 1.55 (see e.g., Calabrò et al. 2018) for large extinctions. The
observed Paα/Hα with lower values of 1.52 and 1.26 for the E
and W galaxies already indicates very large extinctions that for
this particular line ratio corresponds to AV larger than six mag-
nitudes, which is in agreement with the previous derivations.

In summary, independent estimates of the extinction in the
two galaxies that form the SPT0311−58 system indicate that
1) all methods provide similar estimates of the extinction within
the observational uncertainties and assumptions; 2) the nebular
extinction is extremely high in both systems and equivalent to
no less than about four to five magnitudes in the visual; 3) in
the foreground screen geometry, the stellar populations detected
in the F1000W clumps have on average an extinction half that
of the ionised gas, as derived from the SED fit; and 4) the
amount of extinction is similar to that already known in low-
and intermediate-z dusty, infrared-luminous galaxies.

4.4. Kinematics of the ISM

The ALMA data have shown a detailed picture of the gas
kinematics traced by the [C ii]158 µm and [O iii]88 µm lines
(Marrone et al. 2018; Spilker et al. 2022). Based on the inte-
grated [C ii] emission, the redshift of the system is established
at 6.9 (i.e. close to the centroid of the W galaxy of the sys-
tem), with the E galaxy showing an apparent relative velocity of
+700 km s−1. The [C ii] kinematics cover a wide range in veloc-
ity, [−500, +500] km s−1 (W) and [+500, +1200] km s−1 (E),
associated with the [C ii] clumps identified in the system
(Spilker et al. 2022). The [O iii] light distribution shows a dif-
ferent spatial distribution than the [C ii] and is mostly concen-
trated in the E galaxy and the southern region of the W galaxy
(Marrone et al. 2018). As a result, the velocity range of the
[O iii] emitting gas is narrower than for [C ii], lacking veloci-
ties in the [−500, −200] km s−1 range associated with the north-
ern [C ii] emission in the W galaxy. Other gas tracers such as
the molecular CO(7–6) and the neutral [CI](2–1) lines show an
even wider velocity range in the W component, with relative
velocities up to −1500 km s−1, likely associated with gas in the
northern region of this galaxy. All these results show the com-
plex kinematics associated with the different phases of the ISM.
The Paα line traces the kinematics of the fully ionised gas and
therefore provides additional information on the kinematics of
the ISM in the system.

The Paα emission was identified in two well-defined regions.
The strongest is located in the E galaxy with additional emission
in the southern region of the W galaxy, while lacking detec-
tion in the galaxy’s northern region. This distribution agrees
with the position of the regions emitting the highly ionised gas
traced by the [O iii]88 µm line. The Paα velocity peak in the E
galaxy coincides with that of the [C ii] and [O iii] lines (Fig. 6),
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Fig. 6. Paα line profile for the E and W components of the system together with [C ii]158 µm and [O iii]88 µm extracted using same apertures as
for Paα line, displayed on Fig. 2. The line profiles are normalised to the peak of the lines.

also showing an extension towards high redshifted velocities
(up to 1200 km s−1), that is, covering a velocity range similar
to that of the [C ii] emission. According to the high angular res-
olution [C ii] imaging (Spilker et al. 2022), the velocity of the
peak emission in the Paα appears to be the same as the [C ii]
clumps E3 and E4. The [O iii] emission, showing a narrower
line profile than the Paα line, appears to also be concentrated
in clumps E3 and E4 (Marrone et al. 2018). However, the red-
shifted [C ii] velocities are associated with clump E2, which is
located north of E3 and E4. Thus, in this galaxy the Paα is trac-
ing both the highly ionised gas as well as the more extended
emission associated with additional [C ii] emitting gas. While
the Paα clumps cannot be resolved spatially with the MRS data,
F1000W clumps EA to EC appear to be sharing the same kine-
matics and position (see Sect. 4.2) as the main [C ii] clumps in
the E galaxy (E2 to E4, see Fig. 5). This indicates a physical
connection between the ALMA and F1000 stellar clumps.

The Paα emission in the W galaxy is identified towards clumps
WB−WD (see Fig. 2), and there is no evidence of emission
towards the northern region of the galaxy. These F1000W clumps
have a spatial correspondence mainly with [C ii] clumps W5–
W6 (see Fig. 5). The velocity range in the Paα ionised gas cov-
ers a maximum range of about 1000 km s−1 from about +300 to
1300 km s−1. This range in velocity is similar to that observed
in [C ii] and [O iii] (Fig. 6) but with an offset of +700 km s−1.
There is no evidence of Paα emission at the velocities traced by
the peak emission of the [C ii] and [O iii] emitting gas. While
there is certain evidence of velocities up to 700 km s−1 in the
highly ionised [O iii] line, neither [C ii] nor [O iii] show emis-
sion at velocities above this limit. Thus, if the velocity differences
in the line profile between Paα and the far-infrared lines in the
W galaxy are real, these could indicate the presence of an unob-
scured ionised gas component with high velocities, with respect
to the systemic velocity of the galaxy. Yet, due to the low SNR
of the Paα line profile, we cannot completely reject the possibil-

ity of residual (or unknown) effects in the calibration. Additional
data with a better SNR are required before establishing the reality
of this velocity offset in the W galaxy. Also, deeper ALMA spec-
troscopy for the [O iii]88 µm line would help establish the pres-
ence of highly ionised gas at high velocities (≥700 km s−1) in the
W galaxy.

4.5. Unobscured ongoing star formation

The Paα line is a tracer of young (<10 Myr old) massive stars,
and therefore, its luminosity was used to derive the rate of ongo-
ing star formation in the system, after correcting for internal
extinction. Since we were only able to measure a lower limit
for the nebular extinction (see Sect. 4.3), this SFR has to be con-
sidered as a lower limit to the total ongoing star formation. For
a Kroupa IMF, the SFR can be given by the expression

SFR(M� yr−1) = 4.5× 10−41 × L(Paα, erg s−1)×Ω−1
ext ×Ω−1

heat, (2)

where factors Ωext and Ωheat represent the factors (0 ≤ Ω ≤ 1)
associated with the internal extinction (Ωext) and the fraction of
the ionising photons that do not ionise the ISM but heat the dust
instead (Ωheat).

Without internal extinction correction, the intrinsic (i.e. mag-
nification corrected) Paα luminosity corresponds to 213±22
and 128±16 M� yr−1 for the E and W galaxies, respectively.
These values represent only a small fraction (28% and 7%) of
the SFR derived from the [C ii] luminosities in the E and W
clumps, ∼770 and 1760 M� yr−1, respectively (De Looze et al.
2014; Spilker et al. 2022). Similar as well as even lower frac-
tions can be obtained if the SFRs are derived from the inte-
grated SED (740±100 and 3640±500 M� yr−1, see Sect. 4.1)
or the infrared luminosity (540±175 and 2900±1800 M� yr−1,
Marrone et al. 2018). It is worth pointing out that for the E
galaxy, the SFR values based on the [C ii] line, the integrated
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SED, and the infrared luminosity are in very close agreement,
in particular those derived using the [C ii] line and the SED fit-
ting. In the W component, the high SFR values cover a much
wider range, but they are still in agreement within the large
uncertainties. The SFR based on [C ii] estimations has been seen
to be lower than the ones derived from the infrared luminos-
ity in starburst galaxies due to the so-called [C ii]-deficit (e.g.,
Herrera-Camus et al. 2018).

The factor to be applied to the Paα extinction corrections
for the E galaxy ranges from ≥1.8 to 4.4 based on the (Paα/Hα)
ratio and SED fit, respectively. When correcting for these factors,
the intrinsic (demagnified) SFR(Paα) is in the 383–937 M� yr−1

range (i.e. between 50% and 100% of the SFR derived using
far-infrared tracers). This ratio is similar to those measured
in low-z LIRGs when comparing the extinction-corrected SFR
derived from near-infrared lines with the total SFR derived in the
far-infrared (Alonso-Herrero et al. 2006; Piqueras López et al.
2016; Giménez-Arteaga et al. 2022). This ratio can be explained
by a dominant fraction of the ionzing photons that ionize the gas
and subsequently becoming absorbed by the surrounding dust,
instead of being directly absorbed by dust.

The situation for the W galaxy is different. The lower
limit for SFR(Paα) (=230 M� yr−1), derived using the Paα/Hα
ratio, still represents a very small fraction of the SFR derived
in the far-infrared (6% to 13% if the SED or infrared lumi-
nosity are considered). This is in the range measured in
low-z ULIRGs with SFRIR > 100 M� yr−1. In these galax-
ies, the extinction-corrected SFR(Paβ) or SFR(Paα) is a fac-
tor of four to ten times lower than the SFR values derived
from their infrared luminosities (Piqueras López et al. 2016;
Giménez-Arteaga et al. 2022). To recover the SFR predicted by
the far-infrared tracers, we applied the high extinction derived
from the SED fit (AV(tot) = 10±1). Assuming this extinction and
the attenuation curve for SPT0311-58 (in agreement with the one
measured for z ∼ 2 ULIRGs, Lo Faro et al. 2017), the extinction-
corrected SFR(Paα) is ∼4200±500 M� yr−1, which is just above
the predicted SFR from the SED fit.

There are several effects that could explain the differences
between the Paα/Hα extinction-corrected Paα values and those
derived using far-infrared tracers. Recombination lines trace
only very recent star formation during the last 10 Myr, while
far-infrared radiation traces a wider range of stellar ages up to
about 100 Myr. So part of the difference could be due to evo-
lution of the star formation history over the last 100 Myrs. To
establish accurate ages for the stellar population, a full coverage
of the rest-frame UV to near-infrared SED is needed, but this
is not available so far for this galaxy. The second effect is the
intrinsic clumpy and patchy nature of the dust distribution on
(sub)kpc scales in dusty luminous infrared galaxies. This effect
is well known at low-z where two-dimensional dust structure
showing large variations in the equivalent AV have been mea-
sured in (ultra-)luminous infrared galaxies (Scoville et al. 1998,
2000; Piqueras López et al. 2013). This characteristic could be
playing a major role in the W galaxy, where on average very
high extinctions are derived from the SED fit. In fact, the distri-
bution of the ionised gas and 10 µm emission in this galaxy is
very different from that detected in both the 160 µm continuum
and [C ii] line. The Paα and 10 µm emission is concentrated in
the central regions without evidence of emission in the northern
region of the galaxy. This could suggest the star-forming clumps
in the latter region are extremely obscured or that there is a lack
of (young) stars able to ionise the surrounding medium. In con-
trast, the E galaxy shows a less extreme scenario. In this galaxy
both the 10 µm and Paα emission show a distribution similar to

Table 4. Stellar masses for MIRI/F1000W clumps with different star-
forming histories.

Region M∗[10 Myr] M∗[20 Myr] M∗[50–100 Myr]
(109 M�) (109 M�) (109 M�)

(1) (2) (3) (4)

EA 1.4±0.5 1.9±0.7 4.2±1.8
EB 1.5±0.4 2.0±0.6 4.4±1.7
EC 1.6±0.5 2.2±0.7 4.9±1.9
ED 1.1±0.3 1.5±0.5 3.2±1.3
EE 1.1±0.3 1.5±0.5 3.2±1.3
WA 1.1±0.4 1.4±0.6 3.2±1.5
WB 1.0±0.3 1.4±0.4 3.1±1.2
WC 1.3±0.4 1.8±0.5 4.0±1.5
WD 1.5±0.4 2.0±0.6 4.5±1.6

Notes. Columns (2)–(4) give the extinction-corrected stellar mass based
on the LJ luminosity and constant M/L ratios for a constant SFR over
10 Myr, 20 Myr, and 50−100 Myr, respectively. Extinction has been cor-
rected assuming an AV of 2.4 and 2.2 for the E and W stellar components
(see Sect. 4.3) and Calzetti’s extinction law (Calzetti et al. 2000).

that detected in the far-infrared. Additional regions detected in
the rest-frame UV and near-infrared continuum are not detected
in the far-infrared, pointing to regions with young stellar popu-
lations that are almost free of dust. A third effect in explaining
the Paα and far-infrared SFR could be associated with the direct
absorption of Lyman continuum photons by the dust. In this case,
recombination lines will not be produced while the ionising pho-
tons directly increase the flux at infrared wavelengths.

4.6. Stellar to dynamical and gas mass ratios in the clumps

The F1000W MIRI filter is a broad-band filter centred at 10 µm
with a width of 2 µm. Therefore, F1000W traces the near-
infrared rest-frame in SPT0311−58, covering 1.14 to 1.39 µm,
close to the standard ground-based photometric J-band. The stel-
lar mass in each of the clumps was derived from the lensing-
corrected F1000W observed flux, assuming a mass-to-light
(M/L) ratio for stellar populations with a range of ages (Table 4).
In the following paragraphs we refer to the J-band luminosity
and mass-to-light ratios as M/L for simplicity.

To derive the M/L, the F1000W filter transmission was con-
volved with redshifted spectral energy distribution of stellar pop-
ulations with solar metallicity and constant SFRs over differ-
ent periods of time ranging from 10 Myr up to 100 Myr. This
range of ages was selected as the different tracers (Paα, [C ii],
and overall SED) indicate the presence of stars with ages within
this range. Some cosmological simulations of less massive high-
z galaxies (Ceverino et al. 2018) have shown that the star forma-
tion history of these galaxies is complex, experiencing several
bursts during periods of about 100 Myr at redshifts 6–15 (i.e.
first 1 Gyr). Therefore, stellar populations with older ages (hun-
dreds of Myr) should also be present in SPT0311-58. However,
there are no observational constraints available to estimate their
mass contribution in SPT0311-58. In the following analysis,
stars older than 100 Myr are not considered. If such stars were
contributing a significant fraction of the F1000W light, the M/L
would be higher than that of the younger populations, and there-
fore the stellar mass derived from the F1000W flux would be
higher by a large factor (e.g., M/L[500 Myr]> 6 M/L[100 Myr]).
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Table 5. Properties of SPT0311-58 clumps identified in the ALMA rest-frame 160 µm continuum image.

Region F1000W clump Mdyn Mgas SFR[CII] M∗[50–100 Myr] Mdyn/M∗ Mgas/M∗ sSFR
(109 M�) (109 M�) (M� yr−1) (109 M�) (Gyr−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

E2 EA 14+14
−7 12 250+120

−80 4.2±1.8 3.5+3.8
−2.3 2.8±1.2 60+38

−32
E3 EB+EC 9+9

−5 10 230+110
−80 9.3±2.5 1.0+1.0

−0.6 1.1±0.3 25+14
−11

W4 WA 9+8
−4 68 140+70

−50 3.2±1.5 2.7+3.0
−1.8 22±10 44+30

−26
W5+W6 WC+WD 18+13

−7 56 300+100
−70 8.5±2.2 2.2+1.7

−1.0 6.6±1.7 35+15
−12

E∗ galaxy 40+21
−10 28 770+190

−130 19.9±3.6 2.0+1.1
−0.6 1.4±0.3 39+12

−10

W∗ galaxy 72+28
−14 227 1760+330

−220 14.8±2.9 4.9+2.1
−1.3 15±3 119+32

−28

Notes. Column (1) displays the [C ii]158 µm regions considered to compute the parameters. E∗ and W∗ represent the sum of all the [C ii] clumps for
each galaxy. Column (2) shows the clump correspondence between the regions identified in the ALMA rest-frame 160 µm and MIRIM F1000W
images. The last two rows represent the total values for each galaxy, derived by summing all the clumps. Columns. (3)–(5) give the intrinsic
dynamical, gas masses, and SFR derived from the [C ii]158 µm ALMA spectral imaging (Spilker et al. 2022). Column (6) gives the extinction-
corrected stellar masses derived from the MIRI F1000W imaging for a 50–100 Myr constant star formation presented in Table 4. Considering
stellar populations created by a constant star formation of ∼10 Myr or instantaneous burst of 200–400 Myr would yield M∗ different by a factor
of ∼0.33 and ∼6.5, respectively. Columns. (7) and (8) show the ratio between the stellar mass computed in this work and the dynamical and gas
masses derived from the [C ii]. Column (9) displays the sSFR (SFR/M∗) derived using the SFR values computed by Spilker et al. (2022).

To establish the average M/L for different stellar popula-
tions, the mass-to-light ratios were derived using different spec-
tral energy distributions and computed using different models
(STARBURST99, Leitherer et al. 1999; BPASS, Eldridge et al.
2017; and Bruzual-Charlot, Bruzual & Charlot 2003). We con-
sidered a Kroupa IMF (Kroupa 2001) for the STARBURST99
and BPASS models and a Chabrier IMF (Chabrier 2003) for
the Bruzual-Charlot ones. Offsets between Chabrier and Kroupa
IMFs are usually considered negligible (see Madau & Dickinson
2014), and therefore no correction was applied during this analy-
sis. The possible contribution of the nebular emission to the M/L
has been studied using the STARBURST99 models. The nebular
contribution represents 5% of the total flux for the 10 Myr con-
tinuum SFR, while smaller fractions were obtained for longer-
lived constant SFRs. Near-infrared rest-frame M/L ratios and
uncertainties were computed as the average value and standard
deviation among the different models for each stellar population
considered. Mass-to-light ratios of 0.07±0.02, 0.09±0.02, and
0.20±0.07 M�/L� were derived for stellar populations charac-
terised by 10, 20, and 50–100 Myr constant SFRs, respectively.
For an ageing population represented by instantaneous bursts
from 200 to 400 Myr old, the M/L is 1.30±0.47 M�/L�.

The stellar clumps are very massive, with masses rang-
ing from 3 to 5×109 M� for stellar populations with ages 50–
100 Myr. These masses could be smaller by a factor of two to
three for younger populations and a factor of 6.5 higher for pop-
ulations that are a few to several hundred million years old (see
Table 4 for stellar masses for each F1000W clump and differ-
ent stellar populations). Clumps dominated by these old popu-
lations are unrealistic, as their predicted stellar mass would be
well above their measured dynamical mass (see Table 5). We
considered the masses derived for a 50–100 Myr as the baseline
for the detailed comparison with the dynamical and gas mass in
the clumps.

Based on the structural analysis presented in Sect. 4.2, the
stellar mass for the [C ii] clumps was estimated as the sum of the
mass of the F1000W clumps that are considered as physically
associated. This correspondence between clumps, indicated in
Table 5, was only applied to those [C ii] regions that presented
counterpart emission in the F1000W image (i.e. E2, E3, W4,

W5, and W6). Each of the [C ii] clumps have very high stellar
masses with 3–9×109 M�. However, the stellar mass appears to
be a low fraction (28–45%) of the dynamical mass, except for
clump E3 in the E galaxy. The mass within the clumps appears
to be dominated by the gas component, especially in the clumps
in the W galaxy (see Table 5). Only when considering stellar
populations dominated by aged stars (200–400 Myr old) could
the dynamical mass be dominated by the stars in most of the
clumps. However, the stellar masses under this last assumption
would increase the mass up to unrealistic values of 2–6×1010 M�
per clump.

Assuming the dynamical mass in the clumps is dominated
by the gas component, the ratio of the gas (traced by the
[C ii]158 µm line) to stellar mass in the E and W clumps appears
to have significant differences (see Table 5). For the E galaxy,
this ratio is between one and three. The clumps in the W galaxy
are more extreme, with gas to stellar mass ratios of seven to 22
(but we note that gas masses derived for W clumps are higher by
a factor of three to seven than the dynamical mass, see Table 5).
These ratios (see Fig. 7) are much higher, in particular for the
W clumps, than those measured (Mgas/M∗ ≤ 1) in star-forming
galaxies at redshifts 1–3 (Aravena et al. 2020), but they are in
the upper range of the ratios measured at higher redshifts (z ∼
4.4–5.9) in [C ii]-detected galaxies (Dessauges-Zavadsky et al.
2020). However, the mass ratios measured in the SPT0311-58
clumps have to be treated with caution due to potential uncer-
tainties related to the dependence of the ratio on the assumed
ages for the stellar population and the lower limits measured for
the internal (nebular and stellar) extinction. Clumps with stel-
lar populations older than 50–100 Myr are more massive, and
therefore the ratio of the gas to stars would be lower than the
values above. Even if no old stellar populations were present
in the clumps, the derived Paα/Hα nebular and corresponding
stellar extinctions are lower limits of the true internal extinc-
tion. Extinction corrections applied to the 10 µm flux (i.e. near-
infrared rest-frame) would increase the amount of obscured stel-
lar mass for the same stellar population. Some evidence that
this could be happening, at least in the W galaxy, comes from
the Mgas/M∗ ratio derived using the gas mass from the 160 µm
emission (Mgas = 4 and 27×1010 M� for the E and W galaxies,
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Fig. 7. Gas fraction vs. redshift. This figure shows the evolution of the
gas mass fraction (i.e. Mgas/M∗) with the redshift. Black and red trian-
gles represent the values derived for the E and W SPT0311-058 clumps,
respectively, presented in Table 5. Red and black empty squares display
the Mgas/M∗ ratio obtained using the gas mass derived by Marrone et al.
(2018) and the stellar masses computed in this work via SED fitting
(see Sect. 4.1) for the E and W galaxies, respectively. For comparison,
galaxies at intermediate redshifts (z ∼ 1–3) from the ASPECS 1.2 mm
sample presented in Aravena et al. (2020) are included. The higher red-
shift range (z ∼ 4.4–6) is covered with the ALPINE sample, for which
we calculate the gas mass following the LCII − Mgas relation introduced
by Zanella et al. (2018). The black continuum, dashed, and dashed–
dotted lines show the gas fraction evolution following Liu et al. (2019)
for a galaxy with a stellar mass of M∗ = 5×1010 M� and an SFR that is
one, three, and ten times the one expected for the SFR main sequence,
respectively.

Marrone et al. 2018) and the stellar mass from the SED fitting
carried out in this work (see values in Table 3). For this sce-
nario, the mass ratio becomes 2.9 (E) and 3.4 (W), respectively
(see Fig. 7). While the value in the E galaxy agrees with those
derived for the clumps, it is lower by a factor of two to seven in
the W galaxy. The 160 µm- and SED-based mass ratios are more
moderate and within the range measured in z ∼ 4.4–5.9 galaxies
(Fig. 7). Predictions of the evolution of gas mass fractions as a
function of redshift (Liu et al. 2019) expect Mgas/M∗ ratios of ten
to 21 for massive starbursts (i.e. galaxies with SFRs three to ten
times above the so-called main sequence of star-forming galax-
ies) at redshift 7. Within the uncertainties and caveats considered
above, the mass ratios derived in both the clumps and the entire
galaxies of the SPT0311-58 system are well below these limits
and within the range of the values measured at lower redshifts.
This would imply a flattening in the evolution of the gas mass
fraction in massive star-forming galaxies from redshifts of about
4 up to redshifts of 7, even for luminous and massive starbursts
such as SPT0311-58.

4.7. The starburst clumpy nature of SPT0311-58 and the
formation of massive galaxies in the early Universe

The F1000W clumps identified in the SPT0311-58 have stel-
lar masses similar to that of galaxies recently detected at red-

shifts 6–8 with JWST and ALMA (e.g., Witstok et al. 2022;
Sun et al. 2022; Barrufet et al. 2022). To establish a comparison
with these high-z galaxies, the position of the F1000W clumps
associated with the [C ii] clumps in the M∗−SFR plane (Fig. 8)
was derived taking the [C ii]158 µm SFR measurements (see
Table 5). For a 50–100 Myr constant star formation, the clumps
were characterised by an sSFR (SFR/M∗) of 25–60 Gyr−1. This
sSFR is a factor ∼3–10 times higher than expected for main-
sequence star-forming galaxies of similar mass at z = 6–8,
as predicted by hydrodynamical cosmological simulations of
dusty galaxies (Di Cesare et al. 2022) or extrapolations from
lower redshifts (Speagle et al. 2014). In addition, the clumps in
SPT0311-58 appear to be in a starbursting status when com-
pared with other equally massive star-forming galaxies at sim-
ilar redshifts recently detected by JWST (Fig. 8, Sun et al. 2022;
Barrufet et al. 2022). Each of the F1000W clumps, as well as at
least the E galaxy, occupy a region in the M∗−SFR plane simi-
lar to that of massive (1.6–60×109 M�) starbursts at z∼ –5 char-
acterised by sSFR of 40–100 Gyr−1 (Caputi et al. 2017, 2021).
Therefore, SPT0311-58 is an extreme system formed by two
starburst galaxies each consisting of several massive starburst-
ing clumps in a region of few kiloparsecs in size.

The presence of massive kpc-size star-forming clumps has
been predicted in cosmological simulations of gas dominated
discs that are fed by cosmological cold streams (Dekel et al.
2009; Ceverino et al. 2010; Mandelker et al. 2014). The clumps
are produced as a natural consequence of instabilities in the gas
dominated systems that have a quasi-continuous supply of raw
material from the cold streams of gas. Under the scenario of
disc instabilities, giant clumps that have masses of a few per-
cent of the mass of the disc are predicted to form (Ceverino et al.
2010). SPT0311-58 is a very gas-rich system with intrinsic gas
masses of 3.1±2.7×1011 M� and 5.4±3.4×1011 M� in the E and
W galaxies (Jarugula et al. 2021). Therefore, clumps with typi-
cal masses of about a few 109 to 1010 M� are expected. These
masses are in agreement with the stellar and dynamical masses
derived for the clumps. Following these cosmological simula-
tions, the massive clumps will migrate inwards in about two
orbital periods, forming a spheroidal galaxy (Dekel et al. 2009).
Since the clumps are distributed in small volumes of a few
kiloparsecs in radius and the orbital velocities correspond to
about 200–300 km s−1, the timescale is short (i.e. <100 Myr),
and a bulge grows in a few to several hundred million years.
In addition, the feeding of a black hole and its transforma-
tion into a bright AGN has also been considered as part of the
evolutionary scenario of clumpy discs in high redshift galaxies
(Bournaud et al. 2011, 2012). Following this overall scenario,
the SPT0311-58 system could be in an evolutionary phase that
would rapidly evolve into a massive spheroid, potentially feed-
ing a central black hole and therefore generating an infrared-
luminous quasi-stellar object similar to those already detected
at redshifts of 6 and above (Venemans et al. 2020; Walter et al.
2022).

Massive clumps could also be formed in major mergers,
as indicated by the observed increasing clumpiness of mergers
that are identified as starbursts in intermediate redshift galaxies
(Calabrò et al. 2018). This scenario is further supported by the
hydrodynamical simulations of mergers of gas discs that confirm
the formation of star-forming clumps during the evolution of the
merger as opposed to isolated discs (Calabrò et al. 2019). Merger
scenarios (Bournaud et al. 2011) predict SFRs with peaks of
1000–2000 M� yr−1 and clumps that become more massive and
more dense during the evolution of the merger. SPT0311-58 is
a system formed by two galaxies separated by ∼7 kpc and that
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Fig. 8. Star formation rate vs stellar mass. This figure shows the position of the F1000W clumps associated with the [C ii] clumps in the SFR
versus stellar mass plane. The stellar masses are extinction-corrected and assume a continuum star formation of ∼50–100 Myr. The SFR is from
the SFRCII derived by Spilker et al. (2022). The values for the E and W galaxy clumps are displayed as black and red triangles, respectively. Filled
squares represent the total values for the E and W galaxies using the F1000W masses and [C ii] SFRs. Empty squares are the analogous points
using the M∗ and SFR derived from the SED fitting (see Table 3). Grey dashed lines represent constant sSFR. blue dashed and orange dashed lines
in both panels represent the SFMS derived by Speagle et al. (2014) and Di Cesare et al. (2022), respectively, at z ∼ 6.5 and z ∼ 7.5. For a direct
comparison, we transformed the MS by Di Cesare et al. (2022) from a Salpeter to Kroupa IMF, multiplying the SFRs and M∗ by 0.67 and 0.66,
respectively (Madau & Dickinson 2014). Yellow-shaded area represents the ‘starburst region’ at z ∼ 4.3 defined by Caputi et al. (2017). Green,
blue, and magenta stars represent the results by Witstok et al. (2022), Sun et al. (2022), and Barrufet et al. (2022), respectively.

are likely interacting; thus, a merger scenario could be at play
here.

In summary, SPT0311-58 is a system composed of two mas-
sive gas-rich interacting galaxies with a clumpy morphology
consisting of several massive gas and stellar clumps within a
radius of a few kpc. Independent of the dominant scenario, be
it disc instabilities, mergers, or a combination of both, new sim-
ulations with high angular resolution (at least 100 pc) exploring
the formation and evolution of such galaxies as SPT0311-58 in
the early Universe (i.e. at ages of less than 700-800 Myr) are
required to understand their evolution considering the physical
characteristics measured by JWST and ALMA. Also, additional
ALMA and JWST observations are needed to put better con-
straints on the internal extinction, ages of the stellar population,
and presence of an obscured AGN as well as to obtain more
accurate stellar and gas masses in the clumps. Some of these
additional observations will be taken soon with JWST.

5. Summary

SPT0311-58 consists of two gas-rich galaxies at redshift 6.9 sep-
arated by about 8 kpc and experiencing a strong starburst. This
paper has presented mid-infrared sub-arcsec imaging and spec-
troscopy of the SPT0311-58 system taken with MIRI/JWST. The
data provide the first resolved kpc-scale rest-frame near-infrared
light of an extreme dusty, infrared-luminous star-forming system
within the Epoch of Reionization. The data enable the explo-
ration of the stellar and ionised gas structure of the galaxies that
form the system. The study also combines the new MIRI data

with archival high angular resolution ALMA imaging to derive
additional physical properties, such as the SFR, the ratio of the
stellar mass to dynamical and gas masses, and the specific SFRs.
The main results are summarised below:

– The stellar light of the two galaxies (E and W) that belong
to the system shows a clumpy structure with a total of nine
clumps (five in the E and four in W, plus one tentative
clump). The clumps appear as unresolved sources and within
regions of a few kpc in size.

– The clumps are very massive, with stellar masses in the range
of 3–5×109 M�, assuming a constant star formation of 50–
100 Myr. The stellar mass in the massive clumps represents
a fraction, 20% up to 100% but with an average of 43%, of
their dynamical mass, implying that the mass of the clumps
is dominated by gas.

– The gas to stellar mass ratios derived in the clumps and entire
galaxies of the system appear to be consistent with values
(1–3) of [C ii]-detected galaxies at redshifts above 4. Which
is in agreement with a flattening in the evolution of the gas
mass fraction, even in massive starbursts at redshift 7 such
as SPT0311-58. Extreme ratios measured in some W clumps
(Mgas/M∗ ∼ 7–22) could be due to a combination of effects,
including internal extinction, the presence of stellar popula-
tions older than 100 Myr, and uncertainties in the gas esti-
mates.

– The stellar and interstellar medium morphology of the two
galaxies shows a complex structure. Some of the stellar
clumps detected in the MIRI images are spatially offset from
those already identified in the rest-frame 160 µm continuum
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and [C ii]158 µm line. In addition, some far-infrared clumps
(e.g., W1, W2, W8, and E1) are not detected in near-infrared
light. Other stellar clumps detected with MIRI (e.g., ED
and EE) do show UV emission (HST) but not far-infrared
emission. This complex morphology is likely due to the
combination of an intrinsic clumpy stellar structure with
several independent clumps forming stars at different rates
(i.e. different sSFR) and a patchy dust distribution produc-
ing internal differential extinction effects, very similar to
what is observed in low-z ultra-luminous infrared galaxies
at (sub)kpc scales.

– The ionised interstellar medium is traced by the Paα emis-
sion line present in the two galaxies of the system, with
no detection of Hα. This implies a large internal nebular
extinction in the two galaxies with lower limits of 4.2 mag
and 3.9 mag in the visual (AV) for the E and W galax-
ies, respectively. These large extinctions agree with values
measured in low- and intermediate-z ultra-luminous galax-
ies. Nebular extinction based on SED fitting provides larger
values, AV = 5.6 (E) and 10.0 (W). The SED-based extinc-
tion towards stars older than 10 Myr is lower and amounts to
1.3 and 5 visual magnitudes.

– The lower limits of the ongoing SFR traced by the extinction
corrected Paα line corresponds to 383 and 230 M� yr−1 for
the E and W galaxies. This represents 50% and 13% of the
SFR derived from the [C ii]158 µm line. These amounts are
similar to those measured in typical low-z LIRGs (E) and in
extreme dust-enshrouded ULIRGs (W).

– The sSFR in the stellar clumps ranges from 25 to 60 Gyr−1

and is three to ten times larger than the predicted values for
main-sequence star-forming galaxies of similar mass at red-
shifts 6 to 8 in cosmological simulations of dusty galaxies
(Di Cesare et al. 2022) and recently detected by JWST. Thus,
SPT0311-58 is a starburst system even when compared with
typical massive star-forming galaxies at such high redshifts.

The stellar mass and spatial distribution of several massive star-
forming clumps within a few kpc in each of the galaxies that
form the SPT0311-58 system is consistent with the scenario of
the formation of massive clumps in high-z gas-rich discs. The
dynamical evolution of the system should be very fast, with the
clumps moving inwards in less than 100 Myr and producing a
massive spheroid (Dekel et al. 2009). In addition, a central BH
could be activated and produce a luminous AGN very similar
to most of the quasi-stellar objects at redshifts above 6 where a
luminous AGN coexists with a powerful starburst in the nucleus.
Thus, SPT0311-58 could be exhibiting the evolutionary phase
immediately previous to the infrared phase of a luminous quasi-
stellar object. Alternative scenarios predicting the formation and
evolution of massive clumps as a consequence of interaction and
merger can also be relevant in this galaxy. The combination of
high angular resolution JWST and ALMA data and hydrody-
namical cosmological simulations of massive structures in the
early Universe are required to further illuminate the formation
and subsequent evolution of systems like SPT0311-58 during the
first Gyr after the Big Bang.
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Bradley, L., Sipőcz, B., Robitaille, T., et al. 2022, https://doi.org/
10.5281/zenodo.4044744

A105, page 17 of 18

https://jwst.esac.esa.int/archive/
http://linker.aanda.org/10.1051/0004-6361/202245400/1
http://linker.aanda.org/10.1051/0004-6361/202245400/2
http://linker.aanda.org/10.1051/0004-6361/202245400/3
http://linker.aanda.org/10.1051/0004-6361/202245400/3
https://arxiv.org/abs/2209.01695
http://linker.aanda.org/10.1051/0004-6361/202245400/5
https://arxiv.org/abs/2207.14733
http://linker.aanda.org/10.1051/0004-6361/202245400/7
http://linker.aanda.org/10.1051/0004-6361/202245400/8
http://linker.aanda.org/10.1051/0004-6361/202245400/9
http://linker.aanda.org/10.1051/0004-6361/202245400/10
http://linker.aanda.org/10.1051/0004-6361/202245400/11
https://doi.org/10.5281/zenodo.4044744
https://doi.org/10.5281/zenodo.4044744


Álvarez-Márquez, J., et al.: A&A 671, A105 (2023)

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Burgarella, D., Buat, V., & Iglesias-Páramo, J. 2005, MNRAS, 360, 1413
Bushouse, H., Eisenhamer, J., Dencheva, N., et al. 2022, https://doi.org/
10.5281/zenodo.6984366

Calabrò, A., Daddi, E., Cassata, P., et al. 2018, ApJ, 862, L22
Calabrò, A., Daddi, E., Fensch, J., et al. 2019, A&A, 632, A98
Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682
Caputi, K. I., Deshmukh, S., Ashby, M. L. N., et al. 2017, ApJ, 849, 45
Caputi, K. I., Caminha, G. B., Fujimoto, S., et al. 2021, ApJ, 908, 146
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245
Casey, C. M., Narayanan, D., & Cooray, A. 2014, Phys. Rep., 541, 45
Casey, C. M., Cooray, A., Killi, M., et al. 2017, ApJ, 840, 101
Ceverino, D., Dekel, A., & Bournaud, F. 2010, MNRAS, 404, 2151
Ceverino, D., Klessen, R. S., & Glover, S. C. O. 2018, MNRAS, 480, 4842
Chabrier, G. 2003, PASP, 115, 763
Charlot, S., & Fall, S. M. 2000, ApJ, 539, 718
Cimatti, A., Daddi, E., Renzini, A., et al. 2004, Nature, 430, 184
Cimatti, A., Daddi, E., & Renzini, A. 2006, A&A, 453, L29
Cooke, E. A., Smail, I., Swinbank, A. M., et al. 2018, ApJ, 861, 100
Crocker, R. M., Krumholz, M. R., Thompson, T. A., & Clutterbuck, J. 2018,

MNRAS, 478, 81
De Breuck, C., Weiß, A., Béthermin, M., et al. 2019, A&A, 631, A167
Dekel, A., Sari, R., & Ceverino, D. 2009, ApJ, 703, 785
De Looze, I., Cormier, D., Lebouteiller, V., et al. 2014, A&A, 568, A62
Dessauges-Zavadsky, M., Ginolfi, M., Pozzi, F., et al. 2020, A&A, 643, A5
Díaz-Santos, T., Alonso-Herrero, A., Colina, L., et al. 2008, ApJ, 685, 211
Di Cesare, C., Graziani, L., Schneider, R., et al. 2022, MNRAS, 519, 4632
Doherty, M. J., Geach, J. E., Ivison, R. J., & Dye, S. 2020, ApJ, 905, 152
Draine, B. T., & Li, A. 2007, ApJ, 657, 810
Drake, A. B., Walter, F., Novak, M., et al. 2020, ApJ, 902, 37
Eldridge, J. J., Stanway, E. R., Xiao, L., et al. 2017, PASA, 34, e058
Gaia Collaboration (Vallenari, A., et al.) 2022, A&A, in press, https://doi.
org/10.1051/0004-6361/202243940

Giménez-Arteaga, C., Brammer, G. B., Marchesini, D., et al. 2022, ApJS, 263,
17

Ginolfi, M., Jones, G. C., Béthermin, M., et al. 2020, A&A, 643, A7
Gómez-Guijarro, C., Toft, S., Karim, A., et al. 2018, ApJ, 856, 121
Graciá-Carpio, J., Sturm, E., Hailey-Dunsheath, S., et al. 2011, ApJ, 728, L7
Herrera-Camus, R., Sturm, E., Graciá-Carpio, J., et al. 2018, ApJ, 861, 95
Hodge, J. A., Carilli, C. L., Walter, F., et al. 2012, ApJ, 760, 11
Hopkins, P. F., Cox, T. J., Kereš, D., & Hernquist, L. 2008a, ApJS, 175, 390
Hopkins, P. F., Hernquist, L., Cox, T. J., & Kereš, D. 2008b, ApJS, 175, 356
Hummer, D. G., & Storey, P. J. 1987, MNRAS, 224, 801
Iono, D., Yun, M. S., Aretxaga, I., et al. 2016, ApJ, 829, L10
Jarugula, S., Vieira, J. D., Weiss, A., et al. 2021, ApJ, 921, 97
Jiménez-Andrade, E. F., Zavala, J. A., Magnelli, B., et al. 2020, ApJ, 890, 171
Krist, J. 1993, ASP Conf. Ser., 52, 536
Kroupa, P. 2001, MNRAS, 322, 231
Labiano, A., Azzollini, R., Bailey, J., et al. 2016, SPIE Conf. Ser., 9910
Labiano, A., Argyriou, I., Álvarez-Márquez, J., et al. 2021, A&A, 656, A57
Leitherer, C., Schaerer, D., Goldader, J. D., et al. 1999, ApJS, 123, 3
Liu, D., Schinnerer, E., Groves, B., et al. 2019, ApJ, 887, 235
Lo Faro, B., Buat, V., Roehlly, Y., et al. 2017, MNRAS, 472, 1372
Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415
Mandelker, N., Dekel, A., Ceverino, D., et al. 2014, MNRAS, 443, 3675
Marrone, D. P., Spilker, J. S., Hayward, C. C., et al. 2018, Nature, 553, 51
Noll, S., Burgarella, D., Giovannoli, E., et al. 2009, A&A, 507, 1793
Oteo, I., Ivison, R. J., Dunne, L., et al. 2016, ApJ, 827, 34
Oteo, I., Zwaan, M. A., Ivison, R. J., Smail, I., & Biggs, A. D. 2017, ApJ, 837,

182
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266
Perrin, M. D., Sivaramakrishnan, A., Lajoie, C. P., et al. 2014, SPIE Conf. Ser.,

9143, 91433X
Piqueras López, J., Colina, L., Arribas, S., & Alonso-Herrero, A. 2013, A&A,

553, A85
Piqueras López, J., Colina, L., Arribas, S., Pereira-Santaella, M., & Alonso-

Herrero, A. 2016, A&A, 590, A67
Planck Collaboration VI. 2020, A&A, 641, A6
Reines, A. E., Nidever, D. L., Whelan, D. G., & Johnson, K. E. 2010, ApJ, 708,

26
Riechers, D. A., Bradford, C. M., Clements, D. L., et al. 2013, Nature, 496, 329
Riechers, D. A., Hodge, J. A., Pavesi, R., et al. 2020, ApJ, 895, 81
Rieke, G. H., Wright, G. S., Böker, T., et al. 2015, PASP, 127, 584
Rodriguez-Gomez, V., Snyder, G. F., Lotz, J. M., et al. 2019, MNRAS, 483, 4140
Salpeter, E. E. 1955, ApJ, 121, 161

Scoville, N. Z., Evans, A. S., Dinshaw, N., et al. 1998, ApJ, 492, L107
Scoville, N. Z., Evans, A. S., Thompson, R., et al. 2000, AJ, 119, 991
Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, ApJS,

214, 15
Spilker, J. S., Hayward, C. C., Marrone, D. P., et al. 2022, ApJ, 929, L3
Stockmann, M., Toft, S., Gallazzi, A., et al. 2020, ApJ, 888, 4
Strandet, M. L., Weiss, A., De Breuck, C., et al. 2017, ApJ, 842, L15
Sun, F., Egami, E., Pirzkal, N., et al. 2022, ApJ, 936, L8
Thompson, T. A., Quataert, E., & Murray, N. 2005, ApJ, 630, 167
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